Background: After human epidermis wounding, transepithelial potential (TEP) present in nonlesional epidermis decreases and induces an endogenous direct current epithelial electric field (EEF) that could be implicated in the wound re-epithelialization. Some studies suggest that exogenous electric stimulation of wounds can stimulate healing, although the mechanisms remain to be determined. The Problem: Little is known concerning the exact action of the EEF during healing. The mechanism responsible for TEP and EEF is unknown due to the lack of an in vitro model to study this phenomenon. Basic Science Advances: We carried out studies by using a wound created in a human tissue-engineered skin and determined that TEP undergoes ascending and decreasing phases during the epithelium formation. The in vitro TEP measurements over time in the wound were corroborated with histological changes and with in vivo TEP variations during porcine skin wound healing. The expression of a crucial element implicated in Na + transport, Na + /K + ATPase pumps, was also evaluated at the same time points during the reepithelialization process. The ascending and decreasing TEP values were correlated with changes in the expression of these pumps. The distribution of Na + /K + ATPase pumps also varied according to epidermal differentiation. Further, inhibition of the pump activity induced a significant decrease of the TEP and of the re-epithelization rate. Clinical Care Relevance: A better comprehension of the role of EEF could have important future medical applications regarding the treatment of chronic wound healing. Conclusion: This study brings a new perspective to understand the formation and restoration of TEP during the cutaneous wound healing process.
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BACKGROUND
The epidermis of mammals has a transepithelial potential (TEP) that results from an uneven distribution of sodium ions through the skin, which causes a potential difference varying from 10 to 60 mV. 1 Although TEP is known for the past > 150 years, 2 a complete understanding of this phenomenon is still lacking. When the skin is damaged, Na + gradient is broken, and the TEP is disrupted. While approaching the lesion site, the TEP decreases, and the electric field is enhanced. The electric current (the movement of positive charges) is oriented toward the center of the wound, from the intact skin to the edges of the wound. The current forms a loop by returning to the normal epidermis. 3 The cells in the intact part will then continue the ion transport to the basal layer of the epidermis to maintain the TEP. The strength of the electric field gradually decreases over time until the wound is covered with epithelial cells. 4 The presence of epithelial electric field (EEF) may be an important factor in skin healing, 5, 6 but its mechanism of action remains unknown.
CLINICAL PROBLEM ADDRESSED
Nonhealing skin wounds are a major clinical problem, and many new therapies try to address this challenge. Stimulation of wound repair with electricity, known as electrotherapy, is used in several countries and is based on either the knowledge that an EEF is present in the wounds or on the hypothesis that EEF play a role during re-epithelialization. The clinical results of an electrotherapy can be spectacular, but can also be unsuccessful. [7] [8] [9] These differences may be explained by the fact that protocols are empirical, which prevents any prognostic of treatment. A better comprehension of the effect of endogenous electrical phenomenon on the homeostasis of skin and wound healing will be crucial to develop adequate clinical protocols using electric stimulation.
RELEVANT BASIC SCIENCE CONTEXT
Several studies carried out on cell monolayers have shown that the exposition of cells to electric fields of physiologic intensity affects cell migration, protein synthesis, cell orientation, protein distribution, and activation. [10] [11] [12] [13] Researchers hypothesized that the transient EEF generated after wounding can similarly stimulate keratinocytes in vivo and can improve re-epithelialization.
In epithelial tissues, the origin of the TEP is linked to the transport of sodium through the epidermis. This transport is accomplished by both the action of the sodium channels located on the top side of the cells and the Na + /K + ATPase pumps localized at the bottom of the cell. 11 From the cellular point of view, the Na + ions enter into the cells by the sodium channels and are then extruded by the Na + /K + ATPase pumps to contribute to the maintenance of a low Na + level within the cell. The differential transport favors an ionic gradient with an ion concentration larger in the basal layer of the epidermis than in the upper layers of the epidermis. After wounding, the TEP decreases in the epidermis surrounding the wound. 4, 14 When skin regeneration is completed, TEP is restituted. However, the mechanism responsible for its restoration is unknown.
EXPERIMENTAL MODEL OF MATERIAL: ADVANTAGES AND LIMITATIONS

In vitro wound healing model
To determine the variations in TEP during the restoration of the epidermis during wound healing, we carried out studies by using a human tissueengineered skin (TES) model developed in our laboratory. 15, 16 In vitro reconstituted skin was wounded by using a 6 mm punch biopsy and placed over a dermal sheet to allow physical support for keratinocyte migration that was followed during the next 14 days. The re-epithelialized surface was photographed every day until the final biopsy. Samples of wounded TES were processed for histology, staining, and immunofluorescence techniques. The advantage of this in vitro model is the use of human cells and the set up for the study of TEP under sterile conditions over several days. Moreover, the same cell populations can be used to reconstruct numerous TES; thus, the reproductibility of the model is very high. Although the major limitation is the absence of several other epidermal cells such as Langherans cells or immune cells, our results show that TEP obtained using only keratinocytes is very similar to those obtained in vitro.
In vivo wound healing model Six wounds of 6 mm · 2.5 mm were created on the back of three pigs. For each wound, three measurements of TEP were recorded at every other day over a week.
Measurement of TEP
TEP measurement was adapted from Barker et al. 4 Two mobile electrodes were prepared by using silicon tubing and 2% w/v of agar in buffered solution. Each measurement was performed with the positive electrode placed inside the culture The re-epithelialization of the wound created on TES was followed over time using histology (Fig. 1) . At day 2, migrating epithelial cells had not reached the center of the wound and only the fibroblast sheet, added as a substrate for migration, was observable in the middle. During the next 2 days, keratinocytes progressed toward the center of the wound, where a thin layer of epithelial cells was observable at day 4. Six days after creation of the wound, all the layers of the pluristratified epidermis were observed. Measurements of TEP in the wound showed a gradual increase of TEP values according to time during the whole progression of the wound closure and can be correlated with the progressive differentiation of the epidermis. The maximum value (22.6 -3.4 mV) was reached at day 8 when the stratum corneum appeared. A rapid TEP decrease to 8.7 -2.4 mV was observed at day 9, probably related to the increase of the stratum corneum thickness, increasing electrical resistivity, and, thus, reducing the measured TEP. These results suggest that an ionic polarity remains in the In wounds created on pig's skin, the TEP increased after wound closure followed by a fast decrease as observed with TES (Fig. 2) . The maximum TEP was reached at day 6 after wounding and reached values between 25 and 40 mV for different wounds. 
Action of TEP on re-epithelialization
Detection of the Na + /K + ATPase pump was carried out on biopsies obtained from wounded TES for each day of TEP measurement during wound healing. Our results showed that the Na + / K + ATPase pumps were re-expressed after wound closure with a staining that strongly intensify between day 4 and 6 followed by a weak reduction at day 9. The presence of a bottom-up gradient of expression of the Na + /K + ATPase pumps decreasing from the basal layer of the epidermis toward the top was also detected in the restored epidermis (Fig. 1) .
Amiloride is a blocker of cationic (including Na + and K + ) transport. Its action on the TEP cycle observed during the re-epithelialization of a wound was analyzed. The presence of amiloride induced a delay in the TEP increase and caused a 3-day shift in the curve when compared with the control (Fig.  3) . Moreover, the TEP increase was slower in the presence of amiloride (days 7 to 14) when compared with the control (days 5 to 9). The percentage of wound re-epithelialization was calculated for each condition. When amiloride was added, a statistical delay of 4 days was noted for the closure of the wound compared with the control. The lack of effects of amiloride in a scratch test and a cell growth measurement (data not shown) carried out on monolayer cultured human keratinocytes excluded that amiloride may affect the speed of migration. Taken together, these results suggest that the delay induced by amiloride on re-epithelialization was mediated by disruption of the cationic transport which was present in the epidermis but not on cells cultured in the monolayer. This provides evidence that the cationic transport influences the re-epithelialization process during skin wound healing.
INNOVATION
This study showed for the first time that TEP can be detected in vitro by using an in vitro reconstructed human skin. Further, we have demonstrated that TEP was restored during reepithelialization. TEP development seems to be linked to the ionic active transport that is correlated with the differentiation status of epithelial cells and their Na + /K + ATPase pump expression. A better understanding of the effect of endogenous electrical phenomenon on skin homeostasis and wound healing will be crucial for the development of adequate clinical protocols using electric stimulation.
SUMMARY ILLUSTRATION
Schematic model of the wound re-epithelialization including the concept of epithelial electric field (EEF). (A) The skin is damaged and completely removed with part of the dermis, creating a wound. A few minutes after the injury, the upper layers of the epidermis are moving to cover a portion of the edge of the wound, and the release of sodium ions create an EEF loop (white circles and thin arrows) (B). The EEF activates keratinocytes of the basal layer and induces an increase in intracellular calcium. The poorly differentiated keratinocytes begin to migrate to the wound bed (surface dermal or granulation tissue). The EEF influences the orientation of the keratinocytes to promote the convergence of cells toward the center of the wound (C). The accumulation of fluid (blood or water) and the leakage of sodium ions into the center of the wound leads to a difference of potential parallel to the skin and amplifies the section of the EEF loop. When wound re-epithelialization progresses, the maturation of the epidermis takes place behind the migration front (D). Suprabasal layers of cells are derived from undifferentiated cells that have migrated previously in the wound. Once the wound area is covered by epithelial cells, the different layers of the epidermis are restored and trans-epithelial potential is restored.
CAUTION, CRITICAL REMARKS, AND RECOMMENDATIONS
The evidence supports effectiveness of electrotherapy, but results highly depend on the skill of the practitioner. When used badly, this treatment is a waste of time and money. Normal skin healing is a complex process with numerous players (keratinocytes, growth factors, matrix .). TEP and the appearance of EEF after wounding are only one of the several parameters that can play a role during healing. The recovering of a nonhealing wound by epidermis could, thus, be obtained by combining all these parameters together to improve the reepithelialization rate by epidermal cells. As a result, the parameters of electrotherapy have to be better defined and standardized in the pathological context of nonhealing of wounds. Further research into TEP and EEF is, thus, needed to better guide clinicians in their practice when using electrotherapy.
FUTURE DEVELOPMENT OF INTEREST
Numerous results demonstrate that electrotherapy can stimulate in vivo healing but without a possibility to tip the result. An in vitro demonstration of a positive effect of electrotherapy on a reconstructed skin will increase the possibility of studying the parameters necessary to stimulate in vivo re-epithelialization.
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TAKE-HOME MESSAGE Basic science advances
The action of an electrical stimulation on cells is usually studied by using cells cultured in a monolayer. This model impedes any demonstration of the EEF action that needs several differentiated layers of epithelial cells. Before our demonstration, the only means to study EEF action was by using animal models. We have demonstrated that human skin reconstructed in vitro by using a tissueengineering method has similar TEP than in vivo skin and, thus, this model can be used to analyze EEF phenomenon. Using this model, we have shown the role of Na + /K + ATPase pumps during re-epithelialization of skin wounds. Further, we have determined that the modulation of TEP using a pharmacological agent can modulate the re-epithelialization rate.
Clinical science advances
Before using electrotherapy to treat nonhealing wounds in patients, a better demonstration of the effects of the various parameters have to be done. We have demonstrated that the in vitro reconstructed human skin developed in our laboratory is a good model to understand the mechanisms related to the action of TEP on re-epithelialization.
Relevance to clinical care
Management of nonhealing wounds represents a major challenge. Electrotherapy should provide a valuable mean to stimulate re-epithelialization to close wounds. However, a better definition of the treatment parameters (type of electric field, intensity, time of treatment, .) has to be done, and parameters have to be defined. Comprehension of the mechanisms at the origin of the TEP will help to do this.
